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SUMMARY

Daytime visibility is defined as the distance a black object can be seen against the horizon sky. Data on
visual thresholds for daylight illumination are examined and the degradation of the contrast by the atmosphere
described. The visibility as reported in meteorology correlates well with a contrast threshold of 0.05 and thus the
attenuation coefficient and threshold sighting range product is equal to 3 (ar-3). Psychophysical data on visual
thresholds for 0.33 second glimpse times when corrected to confident viewing with a 4 degree uncertainty of target
position, predict the visibility distances well and indicate that the meteorological observers are using targets
subtending on the average about 7.6 minutes of arc. Visibilities have an uncertainty of approximately ±20
percent in relation to measured physical parameters of air clarity. The errors in visibility distance inherent in the
use of non-black targets and backgrounds other than the horizon sky are delineated. Some of the physical
methods of measuring air clarity are described with reference to their use in obtaining a measure of visibility.
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DAYTIME VISIBILITY,
A Conceptual Review*

Jacqueline . Gordon

1. INTRODUCTION probability) and a lack of knowledge of target position of
Visibility is one of the standard meteorological ±4 degrees or more.

parameters reported to summarize the state of the The data for long duration viewing
weather. These visibilities are primarily based on visual At = 24 seconds- are from the Tiffan experiment.
sightings by meteorologists at airports. These are often Blackwell (1946). The liminal contrast values (50 percent
made hourly and are available for specific dates or as probability of detection) were multiplied by 1.91 to obtain
historical averages which summarize the state of the a 99 percent probability and by 1.31 for lack of exact
atmosphere at each locality. This report will attempt to knowledge where to look (no orientation lights such as are
define the psychophysical and physical bases of daytime used in the vision experiments). The total factor was
visibility sightings and to correlate this daytime visibility 1.91x 1.31=2.50. The Tiffany data are tabulated in
with physical measurements of air clarity. Appendix A of Duntley (1946).

The World Meteorological Organization (WMO The data for 0.33 second viewing are from Taylor
(1971) Sec. 10.1.1) defines daytime visibility as follows: (1964). These forced-choice liminal contrasts were first
"Meteorological visibility by day is defined as the greatest multiplied by a factor of 1.2 to change from the Forced-
distance at which a black object of suitable dimensions, Choice to a Yes-No situation. Thus the total factor used
situated near the ground, can be seen and recognized, when for the 0.33 second data was 1.2x1.91x1.31 =3.t00.
observed against a background of .bg or sky." In order to The correction factors are taken from I avlor (1964).
understand the meaning of this visibility distance, let us
review the pertinent psychophysical data on visual The Tiffany at, =on data indicate that the horizon
thresholds and the equations for determining the luminances for full daylight, clear or overcast (3400 to 340
degradation of the luminance signal by the atmosphere. lilm 2) make very little difference to the threshold

contrast except at very small angular size. The time used
in viewing the object does have a direct effect on the

2. VISUAL THRESHOLDS FOR DAYLIGHT threshold especially for large angular size objects. The
ILLUMINATION 0.33 second viewing time is the average fixation time

during free-search situations as determined by White
Visual thresholds for daylight are expressed in terms (1964).

of the just perceptible apparent contrast of the object C. The WMO (1971) recommendation on object size is
against the background. The contrast is a function of the as follows: "in order that day-time visibilij measurements
apparent object luminance ,B, and the apparent should be representative, they should be made using objects
background luminance b8 ,,

subtending an angle of not less than 0.5 degree at the
observer's eve." Also they indicate that if instruments are

,BR used to evaluate the visibility by day, a contrast threshold
- B . () of 0.025 should be used. Angular sizes in degrees are

indicated on the second scale on the ordinate of Fig. I. A
The contrast threshold of the human eye for full contrast of 0.025 is indeed consistent with an angular size

daylight changes very little as a function of background of 0.5 to 5 degrees for the 0.33 second curve in Fig. I.
luminance b8, but is a strong function ot the angular
subtense of the target and the time spent looking at the
target At. Figure I contains a graph of angular size as a 3. DEGRADATION OF THE LUMINANCE SIGNAL
function of contrast for confident sighting (99 percent BY THE ATMOSPHERE

The apparent contrast of an object C,(-..) is a
The first draft or this review was issued as Visibility Laboratory function of the inherent contrast C(;,(:,.o.), the inherent
Technical Memorandum AV78-071t. 21 July 1978. background luminance , 0,..-,. t), (he apparent

. .1 _ ... .. ... .. . . ..- ... -- - --. - . . . = . .1



(.4)

The attenuatbon coefficient ,11oh is the average attenuation
coefficient for the photopically filtered sensor over the
path length r. If the laver of atmosphere near the ground

Ji ,is homogeneous. olo) is isotropic and can be measured as
- a point function and applied to the total path,

Thus Eq. (4) delines the visibility range r once the

- -contrast threshold , is also defined.

4. THRESHOLD CONTRAST OF VISIBILITY"" TARGETS

.1..The question that arises at this point is, w.'hat
threshold contrast is actually limiting the visibility when a

* target is sighted. Fortunateh, a number of experiments
" '' -. have been conducted wherein the visibility range was

( determined visually at the same time as the degradation of
((Or\,Ik the atmosphere was measured with physical instruments.

One of the best experiments attempting to measureI~g Angui..r Site .. , l Iunoglon of (.nilrj~i for .1 q Pecent Pro-Fig b lIv tuinarli/en a ncd ti Lick oI Knowldge (o 9'aret Pion threshold contrast for visibility targets was conducted by
ol ±4 )egrecs or More Douglas and Young (1945). They measured transmittance

in terms of the transmittance to a unit distance of
I kilometer, i.e.:

background luminance ,B,(.&.d) and the luminance 70.00) = 110,90')'
transmittance of the intervening atmosphere 7,(z.),

where r is expressed in kilometers. Thus the contrast
C;(:.0,40 - (,(z,.O.) T, (z.) . (2) threshold can be expressed as

The modifiers in parenthesis refer to the altitude z of the T,(0.90o)r (f)

sensor, zenith angle 0 and azimuth , of the path of sight
t:, refers to the altitude of the object). Equation (2) is They measured the transmittance with a transmissometer
rigorously true for monochromatic radiation, however it and also determined the visibility range r using black
may also be used as a reasonable engineering panels viewed against the horizon sky for short distances.
approximation for sensors with a broad passband in the In addition, they used some supplementary non-black
visible 9ortion of the spectrum. targets against the horizon sky at longer distances (with

Since the WMO (1971) specifies a black object some overlap in range). Equation (6) can be rewritten as

viewed against a horizon sky, and since the inherent
contrast of a black object is reasonably close to -I, Eq. (2) -logI-log T, (0,90°)] -+log r - logl-logC, 1 (7)
can be further simplified. If the horizon sky is further
restricted to mean the "cloudless" horizon sky, the ratio of Equation (7) is in the classical form of an equation
inherent to apparent background luminance also equals 1. for a straight line, y=mx+b. The Douglas and Young
Now Eq. (2) can be rewritten as: Fig. 8, which is a data graph in the form of -log[-log

Ti(0, 90°)l versus log r, is reproduced herein as Fig. 2.

,0 ) ,. . (3) The scales are marked in transmission per kilometer 7-
and visual range r. If there is a reasonably constant
threshold contrast I(;I, the data will result in a straight

The absolute value of the apparent contrast is used in Eq. line on the graph, with a slope of I or 45 degrees. The
(3) since the transmittance is a positive term and since the intercept -Iogl-/og1i(;l=--1g(-hg Ti) is at the point log
visual threshold depends upon the absolute value of r-O, thus I(I-TI when r=l. They computed the
apparent contrast and not on whether the contrast is average IC,1=0.055 from Eq. (7) using the data for the
positive or negative. black panels (Grades A, B & C) and the miscellaneous

The transmittance at range r can be also expressed targets, but ignored the twilight and weather bureau data.
as a function of the attenuation coefficient .r(z) and the The black panel data lit the average best. No statistical
range r. measure of deviation was given.

I . . . .. . .. i . . . . . . .. ... . .; . . . . - -. .. .. I 1# --. . .. .. - . . . ..
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If the threshold contrast is a constant, the product the meteorological range MR, arO. 7 5 (3. 9 )2. 9  and
of the attenuation coefficient times the sighting range ar is c(-0.055. This is in good agreement with the Douglas
also a constant, i _e. another way of expressing Eq. (4) is and Young (1945) values.

Middleton (1952) cited two other experiments to
-In a (8) obtain !cj. One in Ottawa during 1950-1951 measured

.the apparent contrast of visibility targets against a horizon
background at the moment of~ use to specify visibility

The product ar based on the average IcI for the Douglas range. These apparent contrasts are graphed in Fig. 3
and Young data was 2.9. (Middleton's Fig. 10.1). 1 computed an average

Duntley (1948) reported a comparison of the 1C,1-0.042 and a standard deviation of 0.031. The
visibility &-. reported by a staff meteorologist at Tiffany and average uirfor the Ottawa data based on Eq. (8) is 3.2.
the meteorological range as calculated from measurements In order to get a better picture of the variability of
of the luminance transmittance. On the average, the the orr product, I regraphed Fig. 3 by computing ar and the
visibility range was 0.75 of the meteorological range. The number per %(arl for each aic;-0.01 interval. This graph
meteorological range MR was defined by a threshold is given in Fig. 4. The 1(',f interval o--.01 was
contrast of 0.02 or r/MR-3.9. If the visibility r is (1.75 of approximated by (,-0 (Nil-(.01.

lO -*,'I' ,] +, ' -__ -I- - - -?:, -,, - - -""4.
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The second experiment cited by Middleton used
1943-1944 Mount Washington dala on measured
attenuation coeflicient and visibility ranges to compute I(,I absorption. The observers reported the prevailing

(presumably from Eq. (4)). These apparent contrasts are visibility based on visibility markers consisting of large

graphed in Fig. 5 (Middleton's Fig. 10.2) I computed the buildings and mounlin ridges at known distances. The

average CA;=0.034 with a standard deviation of 0.022. prevailing visibility was defined as "the greatest visibility

The average i,r based on Eq. (8) is 3.4. The method of attained or surpassed around at least half of the horizon

obtaining the visibility range in cloud was unspecified. circle but not necessarily in continuous sections."
These data are regraphed as a function of ,r and the Horvath and Noll (1969) indicated that visibilities
number per Altrl=O.l in Fig. 6. from the first observer resulted in an average ar of 3.5

Horvath and Noll (1969) reported measurements of ±0.36 from 34 observations. The second observer made
total volume scattering coefficient stO) and concurrent 33 observations and had an average ar of 3.18 ±0.25.

visibility ranges for two observers on the roof of a four The two observers made no simultaneous observations.
story building in Seattle. The total volume scattering Hering, et at. (1971) reported concurrent
coefficient was measured with an integrating measurements of transmittance and visibility or sighting
nephelometer, an instrument described in full by range r during periods of summer fog. The sighting
Charlson, ef al. (1%7). The total scattering coefficient is ranges were determined for distances up to 0.5 mile by the
equivalent to the attenuation coefficient o(0) if there is no use of black rectangular targets with horizon sky



backgrounds spaced at 0.0625 mile intervals resulting in 8 5. THRESHOLD ANCI, LAR SIZE OF' NlSlBILlTI
targets in the 0.5 mile range. The size of the targets was OBJECTS
increased with distance so as to subtend 0.5 degree at each \ltI1tigh [lie W%1( l( I1471) ind %liddleton~ 1 92s
distance. Antenna towers were used as visibility markers aidtisc the use (if isihilit% c'hjeus suhiendling it, ainge10
for distances greater than 0.5 mile. The measu'rements. (1.5 to 5 dgrees. the c~ idence front 11ic SlUdi-S' It,
both in transmittance and sighting range. were I-minute described indicates the atualI use of %sihilt% OhICcis Of
averages. smaller irigular siie.

Fquation (8) may be rewritten ats Douglas and Ni oung ( 1945) indicaited ilxl. mit lic

log r = -lowg( + logt-/nl: 1) (9) isihility% range distances, thie black paniels %,ried f roil 3 to
28 inutes oft arc in aingular st,'e. I hcse ingles

Again if the threshold contrast C I is constant. at graph of' correspond to contrasts of 0.029 ito 0t. 11 onl thc 0,(.33,
log r (or log visibility) as af function of' log it will result in scn uxei i h ie o )(9 il
a straight line with a slope of' -1. FHg. 9 from I lering. , et ( 0031 in Fig. 2 indicate that die bulk of the blck pa.nel
( 19711 is in this form, it is reproduced ats I-ig. 7 herein. datai tall in that contlrast range. [his range is practicallk
The solid line represents a contrast threshold of 0.02 and synonymous %ilh the range indicated b the 0.33 seOLnd
the dashed line a contrast threshold of 0.055. The lack curve based on the aCtulal oi range for the experiment
targets (visibilities -< 0.5 mile) y~ielded sighting ranges Tu h a r(941.3scn aao uld~lgt
consistent with 0.02 and the use of the antenna towers with a correction factor of 3 to allok for 99 percent
resulted in higher threshold contrasts, nearer to or greater probabilit (of' detection and lack of knos~ledge of target
than 0,055. The lines are for interpreting the data but position of' t4 degrees or more. are onsistent %ith the
were not dlerived frmtedata. viiii range ex perinlent Condutcted h. D ouglas and

The results of the six studies described above are Young (1945)
summarized in Table 1. [lie t%%i eXpecrimients cited by Middleton 11952) did

nol measure target angular siie.
2The ( )kl ta li td a cited b M iduletm onin contlrast

measured during %isibilit. range sightings, iclded an1
C,, .".'a verage thresho ld co nt rist f (0.0(42 in hi. st anida rd

deviation (if 0.0)31 or i range for 67 percent ot the cases oif'
~. .01)11I to 0.()73 in contrast. The corresponding angular si/c

range based upon the 0.331 second curve in Ilig I is 4 5to
> 1201 minutes of arc for this contrist ijoge. mid
It) minutes of' arc for the average contrast aIloe

T'he Mou nt Was hi ngtonii dat a based( in at(it oatijon
coefficients nmeasured during the %isibilit% range sightings.
yielded an axerage contrast iif 0.034 and at standard
deviation of 0.022 or a range of 0.1)1 2 to 0.056 contrast lfor
67 percent of' the cases. The corresponding angular suie

* range based on the 0(.33 second curve in IFig. I is 6.3 to
> 120 minutes and the average is 20 minutes

FXtNTIN (iUFFICttNT (ft The smaller contrast values (0.011 and 0.0(1 2)l at the
rRANSIMISSOMYIUR lower end of the ranges for one standard deviation actuall '

Fig, 7. Itering. rta.(91.1iue9 oitio een indicate a probable larger time interval for the sightings

D~uring the t)mric, f, - other words, a vision curve somewhere between It =
aind At=0.33 seconds probably is appropriate for those low

Table 1.
Threshoid Conirasi and ihe Attenuaion coeffiieni Times the Sigihing Range or for Daytime visibilities

Threshold Contrasi
Aiienuaition

Standard Coefieni Sighing
Reference Desaiription Average Deviaion range or

Douglas A Young (1945) Transtnisonwier .(52
Dunitey 11948) Tiffany &.055 29
Middleton (1t952) Mt. Wahington (1943-44) 0.034 0,022 34
Middlton (1952) Ottawa (1950-51) 0.042 0031 3 2
Horvathi & Noll (19) Obseerver 1 0.030 3.5t0.36
Horvath & Noit (1969) Obs~erver 11 0.042 32±025
Haeving et a. (197t 1) Sack targets (f 112 tnt Viinbility) *0.1(2 -3 q

IFHering et a. U 97i1) Antenna towers 1> 1/2 mi Viibiity) I 0o.055 (g29



contrasts. A change in the conlidence limits., even to a approximate threshold contrast of 0)02 is not inconsistent
probability ol 50 percent does not allow for a large enough with Fig. I in that sighting ranges were for a I minute
contrast factor between the contrast Ibr 120 minutes of' arc period, but were considered an average over that period

and the 0.011 or 0.012 contrast. rather than the best distance piossible during I minute .A
vision curve slightly to the left of the 0.33 second curve is

On the other hand, one must posit an untrained probably not inappropriate for such data.
observer before it is reasonable to depict a vision curve to
the right of the 0.33 second curve. Therefore. I believe it The longer sighting ranges obtained using antenna
is more likely that many of the visibility targets were towers as targets undoubtedly indicate the targets were at a
indeed less than 0.5 degrees during the sightings and smaller angular subtense than 30 minutes. The 0.33
hence the average angular sizes were indeed less than 0.5 second curve indicates an average subtense of 6.5 minutes
degrees for both studies cited by Middleton (1952). for a contrast threshold of 0.055. thus a curve slightly to

the left would indicate targets <6.5 minutes in size.
Hlorvath and Noll (1969) measured total volume

scattering coefficient (which is reasonable to assume The contrast and angular size relationships just
equivalent to the attenuation coefficient.) and obtained the described are summarized in Table 2. The average
sighting range r simultaneously. The average attenuation angular size of the visibility targets except for the tiering.
coefficient times sighting distance for Observer I was 3.5 et al. (1971) black targets was always less than 0.5
±0.36. The resultant average contrast computed from Eq. degrees, ranging from 6.5 minutes for the Douglas and
14) is 0.03 with a range o" 0.021 to 0.043 in contrast. The Young (1945) and Itering, etal. (1971) antenna targets
corresponding angular size average is 24 minutes with a experiment to 24 minutes for Observer I in the Iorvath
range of 10 to >120 minutes of arc based on the 0.33 and Noll (1969) stud'. Indeed, this is not entirely
second curve in Fig. I. Similarly the average attenuation surprising since for a visibility target to be 0.5 degree or
coefficient times sighting distance for Observer II was 3.2 larger, it would haxe to be equal to or greater than the
±0.25. The computed average contrast is 0.042 and the angular size of the sun or moon.
computed contrast range is 0.032 to 0.052. The
corresponding angular size average is 10 minutes of arc Thus although the WMO (1971) recommends a
with a range of 6.7 to 20 minutes of arc. target 0.5 degree or greater in size, the corresponding use

of a threshold contrast of 0.025 and thus the attenuation
The tlering, et al. (1971) black target data were for coefficient range pioduct of 3.7, the historical visibility

30 minutes (or 0.5 degree) angular subtense. The data do not actually conform to this r.commendation.

Table 2.
The Contrast and Angular Size Reltionsihip Based Upon 0.33 Second. a 99 Percent Probability.

and a Lack of Knowtside of Targel Position of :t±4 Degrees or More

Average
or Coniras Anlgular S7.

Reference Bis Range C, (Minutes of Arc)

Measured Transmittance Average 0.055 6.5
Dougin & Young (19450 Measured Min Otl 3

Angular Size Max 0.029 28

Measured
Duntley (I948) Transmittance Average 0.055 6.5

Middleton (1952)
Ottawa Measured Average 0.042 t0

Contrast + 1 STD C, 0.073 45

-I STD C, 0.011 >120or at > 033 sc

Mount Washngton Measured Average 0.034 20
Attenuation +1 STD C, 0.056 6.3

Coefficient -1 STD C, 0.012 > 120 or At > 0.33 aec

Horvaith & Noll (1969)
Observer I Measured Average 0.030 24

Scattering -0.36 , r 0.043 t0
Coefficient +0.36 or 0.021 > 120 or At > 0.33 sec

Observer II Measured Average 0,042 10
Scalttering -0.25 or 0.052 6?
CoeffIcient +0.25 a, 0.032 20

Hering era (19"7I)
hick Targets Meaaured Transmitiance Average "0.020 30

nd Masauered An lar Size
Antenna Towers Measured Trnailtigtne Avemg 0.035 < 6

Ai



6. RELATIONSHIP OF ATTENUATION The \isihilit., Laborator has also been using ,,=3
COEFFICIENT AND THRESHOLD SIGHTING (1)untle.. cial. (1972) and ensuing reports) ,as an
RANGE approximation of the )ouglas and Young 11945) data

The attenuation coefficient is related to the The contrast threshold 0.05 and the contrast range
threshold sighting range and threshold contrast according 0.027 to 0.091 which correspond to the - 21 percent range
to Eq. (8). A threshold contrast of 0.05 results in an in sighting distance specilied by Iq. (it)) are depicted in
attenuation coefficient times threshold sighting range of Fig. I as dashe I lines connecting the ah'issa to the 033
3.0. Allowing a 20 percent range for variability in sighting second %isual th "eshold curve which in turn conneCts them
distance results in an ar range of 2.4 to 3.6 or to the corresp, nding dashed lines on the ordinate

indicating thres iold angular size. I he threshold angular
cvr = 3-0.6. (10) size is thus 7.f minutes of arc with a range from 3.6 to 35

minutes of arc corresponding to the t20 )prcent range in
The corresponding threshold contrast range is 0.027 to sighting distance.
0.091. This range of threshold values of contrast and Thus the visibility can be reasonahl.t delined as the
attenuation coefficient times sighting range includes the distance a black target can he seen against the cloudless
bulk of the best defined data, Grades A, B & C from horizon sky. It is related to the attenuation cocfficient
Douglas and Young (1945). [This range is very close to with an accuracy of' ±20 percent b% the relationship
the lines drawn for ( =0.098 and 0.031 in Fig. 2.] indicated by Eq. (60).

As can be seen from Table 1, this threshold value Awareness that the visibilit. distance and
and range of +20 percent for ,r also includes the average attenuation coefficient are most closely related to a ((.33
values from Duntley (1945). the average from the two second fixation time and an angular target site of 7 6
experiments cited by Middleton (1952), the average for minutes would undoubtedly increase the precisioin level of
each observer from Horvath and Noll (1969), and the the visibility sightings.
antenna target data of Hering, etal. (1971). The ±20 T ghtingin
percent range actually includes 60 percent of the Ottawa The errors in making visibility estmare, using non-
data and 52 percent of the Mount Washington data]. black targets and/or backgrounds other than the horizon

sky can now be evaluated with relcrence to the
In a way this is remarkable consistency considering relationship defined by Eq. (10).

the variability of the values recommended historically.
The various values of recommended threshold contrast as
summarized by Middleton (1952) are given in the third 7. RELATIVE VISUAL RANGE OF NON-BLACK
column of Table 3. The corresponding oar using Eq. 18) TARGETS
are given in Col. 4. The visual range r, of a non-black target as seen

Table 3. against the cloudless horizon sky is:

Historical Summary of Previously Recommended Threshold Values r. 0(1) 1 h(;,- In(, I ll

SlAtlenuation Coef iieniThreshold Times

Reference Desciption "onirst Threshold Range Whereas the visual range of a black target is
Koschmieder 119241 Non-Experinmentl 002 T 9

toughton 11939) FOR 006 2
Schallenerger & Little 41940) Hate & Smoke 01-2r = rt0)- I-In , II • (12)
Bricard (1944) Fog 0.077 49

00 5 
7

Barieneva ii1h0 Visibility .0 30 Dividing Eq. (I I) by Eq. (12) we get the visual range of a
WMo(119711 MOR 005 30 .. non-black target relative to the visual range based on a

black target. Then since the contrast threshold of a non-
There are several more recent recommendations for black target is equivalent to the contrast threshold of a

visibility threshold values which are consistent with Eq. black target II = I(,,I, we have
(10). These are also given in Table 3. Barteneva (1960)
used an ar of 3 to compare her measured values of +L nl(4,I (13)
transmittance and total volume scattering coefficient to the r -In(, 3
visibility.

The WMO (1971) recommended (as of 1957) the Eq. (13) is a measure of the error of using a non-black
adoption of the concept of Meteorological Optical Range target assuming the contrast threshold for the visibility
(MOR) which is defined as: "The length qf path in the target to be 0.05. The absolute value of inherent contrast
atmosphere required to reduce the luminous flux in a is used in Eq. (13) since the visual threshold depends on
collimated beam from an incandescent lamp at a colour the absolute value but not whether the contrast is positive
temperature of 27000K to 0.05 of its original value, the or negative. Also, the natural logarithm cannot be
luminous flux being evaluated Av means If the photopic evaluated for a negative value of contrast.
luminosity Jinttion of the (I." This corresponds to an Inherent contrast can be expressed as a function of
r-3. the target to background reflectance ratio.



- -~~- I 14) ol' known reflectance can be e~aluated as to contrast. The(1) cquivalent reflectance ot' the horizon sky would be

Thc relative visual range wits evaluated for various % (0 1X)'.4,) V IS
values of* inherent target to background reflectance ratio 6R,(A(. -= (fi9t.+to
ankI graphed in Fig. 8. The lower scale on the abscissa (09 6+W

gives the reflectance ratio, and the upper Scale is marked
in contrast. The ordinate is marked in relative visual The irradiance notation 11(0.90'.6+180') indicates the
range. The relative visual range stays between I and 0.95 altitude. zenith angle and azimuth of the normal from the
for negative contrasts from -1 to -0.86 which corresponds surface of the irradiometer.
to a range in target to background ratio of 0 to 0. 14. For The relative visual range can be graphed as a
positive contrasts the relative visual range changes rapidly function of horizon sky reflectance for a given target
with the target to background ratio. There is only a brief reflectance. Curves for target reflectances 0.04 for black
range of target to background ratios of' 1.86 to 2.16 when or forest. 0.10 for growing crops. 0.20 for sand, and 0.80
the relative visual range is 1.0 ±t5 percent for positive lor white or snow are given in Fig. 9. This graph is
contrast targets. essentially the inverse of Fig. 8 with the zero contrast

- point at the horizon sky reflectance value equal to the
Horiwon SAY Equitaleni Rejlectance. target reflectance.

It is useful to have an equivalent reflectance for the As can be seen, with high sky reflectances greater
horizon sky so that contrasts of' non-self' luminous targets than 1, a number of targets in addition to the black target.

I IIRN U CONTRAST

tb 1 +2 + 1

C < .2~

4- 44

01WII

tNII[RINT TARG F 10 BiACKGROiUNID RAIo (,R/,R)

F~ig. 8 Relatlive Visuali Ranige as .1 Funcion ol'InhetCi (anra. and tnherent taarget to Background Reflectane Ratio.
lord it flirast Ithreshoid ot 0.05.

I. I 7- t1~ Tr -T I ' V~ -~ T - -7 '-T.

1.6

1a .4

< .2

1.01

.24



can be used to obtain visual range with reasonable various target reflectances from black or 004 to %hite or
accuracy. 0.80. This graph can be interpreted in term,; ot the

relative visual range by overlaying Fig 1) on Fig l~a, its
Horizon Sky Reflectance for Overcast, shown in Fig. l0b. Figure 1Lc illustrates Interpretation of

Middleton (1952) used a modified form of the the overlay is described in the figure caption.
Moon and Spencer (1942) equation for the overcast sky As can be seen. the black target slt*bs alwais ait
radiance as follows relative visual range ratios near 1 .0, but at white target

changes fromi negative to positive contrast depiending onl

N(0,0) -N(0,90') 11-4-r cosel (16) the albedo and value oFe,,, and hence is not desirable ats it
visibility target.

This relates the sky radiance at each zenith angle 0 to the I(I I I I\I IM At Rl,%(I
horizon sky radiance and assumes no aiimuth
dependency. The equivalent horizon sky reflectance based I
on Eq. (16) is

bRl.0) - 10.5 (l+A) + P?(~ + A) 1-1 (17)

where A is the albedo.

Equation (17) is derived in the Appendix. The
horizon sky reflectance based on Eq. (17) is graphed in <
Fig. 10ad for various values of rn as a function of albedo A. 0%h
The albedo is the ratio of upwelling to downwelling
illuminance. The ordinate is marked on the left side in
horizon sky reflectance. On the right hand scale are noted Z

4--
0.

-A0t04tNlA

0 30

0LED

.0Fg 10b. Retaive Skyu Relan ce Cun esic t h at te tot of thelgativ
ibs V isa sRatge t inc figrSa e Tkfra ri t fl yta efl tn.

0.1 to Fith e 101ck tige iteprete utt n the vi/al an g is rit ht
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th blc9agt h eutn eaievsa ag s06



kRt ATIVI VIM Al RA(, The overcast da wits on 25 May 1970) near
1 -) Memmingen. (iermany during the IJAVENVIEW I field

Ti 7- trip reported in Ountley. e i t. (1972). The terrain wit
heavily cultivated, rolling pasture land occasionally
interrupted by large patches of dark forest and had in
albedo of 0.07. These reflectances are tabulated in

F Table 4. The values for horizon sky luminance are given
I in Col. 4 in units of lf/im,2. These are the same units
F 1 used for adaptation or background level for Fig. 1.

The cloudy day data with unobscured sun are for 14
June 1973 near Meppen. Germany during the

- ~~~HAVENVIEW 11 field trip reported inDute.e .
(1976). The terrain consisted of mainly cultivated

~ F > farmlands interspersed with dark patches of dense woods
- ~ Land had an albedo of 0.075 at the lowest airborne altitude.

, The range of adaptation level (Col. 4 Table 4) is
4 F- S.S0E3 to 1.94E4 iu/tn. The Tiffany data curves

(it-oo) Fig. I are for 3.4E3 and 3.40E2 Iuiorn
I respectively and the Taylor 0.33 second data for 2.60E2~, fi2

hl111,n . It is assumed that the contrast threshold remains
a constant at these high background luminance levels and

4 is not degraded by glare.
04 From overlaying Fig. 9 on Fig. IlIa, as depicted in

Fig. I Ilb. we see that the black target, reflectance 0.04. still
yields at relative visual range of 0.95 for even the lowest
horizon sky equivalent reflectance of 0.30 which was at
180 degrees azimuth for the cloudy sky. The overcast
horizon sky reflectances are very azimuth dependent and

0 .2 .4 LBEX) . .8 1.0the cloudy sky values even more so. Non-black targets
ALB~t)Osuch as a grass covered mountain (bR,=0.lO estimated)

i; lk:. Ittttstraiion of MeihKIn l, Ilse ot Overlay Curves.. can be used with reasonable accuracy for azimuths (-90'
airborne scanner data arrays, and computes illuminance on but are more error prone near 180' azimuth. A snow
a surface or surfaces specified by the zenith angle and covered mountain should never be used (estimated
azimuth of the normal from the surface. This program reflectance 0.80).
was run for illustrative purposes on low altitude data for These horizon sky equivalent reflectances are
an overcast day and for a separate problem for a cloudy limited to terrains with albedlos near 0.07 and to at medium
day with unobscured sun. The sample values of horizon high sun, sun zenith angles 39 to 52 degrees. It would be
sky equivalent reflectance are graphed in Fig. I la as at extremely interesting to have values of horizon reflectance
function of azimnuth from sun. for clear skies, a range of'sun zenith angle and albedo. etc.

Table 4.
Equivalent Horizon Sky Ieflectances from Low Alitude Airbornec Measurements for Pseudo-Photopic Filter

Mean Wavelength 557 Nanometers

Path Of Sky Illuminance Horizon Sky
Sight Luminance (j./.

2
) Equivalent Sun

Flight Altitude rromn Sun (hi/Din EUz,90. Refiectincc Zenith
NO. In) 0 8(z.:,90,A) 0+ 180) bRot:-.

9
0.* Aibedo Angle Descrition

('-229 258 0 1.55F4 1.04F.4 4.67 .075 40.5 Scattered clouds.
90) 3.93 1,44F.4 1.93 unobscured sun

[so 7,47E3 7.94E4 297

C-2119 1192 0 1 .95E4 1 .45E4 4122 .071 39 1 broken clouds.
90 lIt7F4 2.05114 I4O unotincured sun

too 9.37E3 8.66E4 340

C-134 280 0 9.S2E3 11ASE4 2.06 070 51.6 Overcast
45 7.4803 1.49E4 I 53
90 6.39E] 1.95E4 1 03

133 61300 3.89E4 '538
130 6.1503 4'641 .417

-135 3.9613 3. 77E4 .496

* 90 S.501 2.0014 .302
L-45 A 7.4303 L .594 1. 47

10
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Rearranging we get shorter distances. , hus the rule-of-thumb based on t
black background works equally, as well or rather better for
non-black backgrounds equal to or less than the

R;, .IU - 4'] + i - (25) equilibrium reflectance.

For backgrounds brighter than equilibrium, such as
or a bright cloud, it is another matter. For these

1 IT.+ 1 backgrounds it is necessary to have the background

R- 7 + T, - T, approximately twice as far as the target before the relative

In 7, (26) visual ranges are reasonably accurate.

The term R,1Rq in Eq. (26) is similar to sk. -ground
ratio used historically in contrast transmittance

Thus, once a value has been assumed for the threshold computations. To avoid confusion, let us digress briefly to
contrast or 7'. of the black target against the horizon sky, explain the meaning of the sky ground ratio.
Eq. (26) may be solved for various values of the
background to equilibrium reflectance ratio ,,RIR,, and n.
the relative distance of the background from the threshold Table 5.
range r. Evaluaiioo of Eq (26) ore a Threshold Contrast of 0 05 for Black Targets %tewed

Against Ba.kirounds (her Than the Clear Horizon Sky
If ,R,,1R,=O, which is the case for a black

background. Eq. (25) reduces to ,ldageIurr RI.,ie I irgI N,m .ReI.,iIIs. Rallz ¢ . ht Rq \ .iIu R~ogc I irget iS~lmn~c

T= ;- + ,". (27) I 00 1 2 N
0 Sl K4 2S

("% I :)4 I 4

This is equivalent to Eq. (6.32) of Middleton (1952). , I ilt
Middleton. however, does not extend the analysis to non- 1 '11' . i
black backgrounds which Eq. (26) allows us to do. ,

Similarly if ,R,,/R 7-I. which is (he case for the I, I,4

horizon sky as background, Eq. (26) reduces to I
-4 SlO17

In F, )I 1Il) '10
_L _I . (28)-(l '(In T, N6 1 :4 21

which means the target is at the threshold range r, as it : i 1167" !,7

should be. J - . . ,
Equation (26) has been evaluated for a threshold

contrast of 0.05 in Table 5. The column for n' can be Sky-GroundRatio
interpreted as the relative visual range since it is the W- n auil
distance related to (he true visual range r, it the target is When equilibrium luminance is constant with
viewed against a non-horizon sky background. The altitude the contrast transmittance equation can be written

column marked n is the background distance from the as [Duntley (1946). Eq. (36) p. 32 and Duntley (1948)

observer relative to the true visual range. The fourth Eq. (21)1

column gives the background distance relative to the ,.
target distance. One of the constraints is the n/n'>- I since I + ,B, 6 I T,i:. #-1) (29)
this was one of the assumptions upon which the equation
was developed. where B,(13) is the equilibrium luminance for the path of

Middleton (1952) suggested a background at least sight. It is reasonably equivalent to the horizon sky
1.5 times as far as the target, based on the black luminance at an angle from sun A equal to the angle from
background equation evaluated for it threshold contrast of sun of the path of sight 0,6. It should be noted that the
0.02. The same rule-of-thumb is given by the WMO line of sight to the horizon used for the determination of
(1971) for the threshold contrast 0.025. A slightly larger the appropriate equilibrium luminance, will in general not
relative distance is needed for the threshold contrast of be at the same azimuth as the path of sight used for
0.05 and a relative visual range of 0.935 with a black target determining the background luminance against which the
and black background. target is viewed.

As can be seen, non-black backgrounds which have Equation (29) can be rewritten in terms of
reflectances less than equilibrium, at the same relative reflectance as follows
distance beyond the target have relative visual ranges even
closer to one than the black background. The non-black C,(z.o.v) R(Z,. )-

background simply approaches equilibrium radiance at C(z,., ) I+ R,(z,.O.)-) (30)
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Thus the sky-ground ratio is B(tl/bb,, or Rt!31/bR o . It is Middleton (1952) and more recenfl] )ouglas and
a luminance ratio not an illuminance ratio like albedo. Booker (1977) give detailed descriptions of
The sky ground ratio is the inverse of the ratio used in transmissometers including calibration method,, and error
Eq. (26) and Table 5. Equation (30) refers to any target analyses. In addition, Douglas and Booker gi%e a detailed
and any path of sight whereas Eq. 126) is limited to black history of the development and usc of transmissomneicrs
targets and horizontal paths of sight. for obtaining runway visual range.

Thus the sky-ground ratio was used with reference
to contrast transmittance of an object against a non-sky Attenuation ('ficw,,nt

background. It was a method of obtaining an indication of The attenuation coefficient ,x(:) can be expressed as
the degradation of contrast by the spacelight by using a a function of the luminous path function l.. and the
horizon sky luminance at the correct angle from the sun 3. equilibrium luminance . (Eq. (I1) o I)untlc.

etal. (1957))

9. PHYSICAL MEASUREMENT METHODS B,(:. o. &
Direct physical measurement of air clarity - (36)

appropriate to the human observer can be made by A 0
sensors filtered to produce a photopic response as specified
by the C.I.F Some of the most direct methods for All three parameters in Eq. (36) are point functions and
specifying air clarity are to measure luminance may vary from point to point along a path of sight. If the
transmittance, attenuation coefficient or total volume atmosphere is reasonabl) homogeneous horitontally and
scattering coefficient. An alternate method of measuring the horizon is free of clouds, the horizon sky luminance is
the apparent radiance of distant dark targets and the equal to the equilibrium luminance. The path function
horizon sky is also in current use. This review will not be can be obtained by measuring the luminance of a black
exhaustive in terms of these techniques but each method shadow box at a short path length from the photometer.
will be described briefly as well as how they are relatable The path function is in units of luminance per path length.
to the visibility range VV as specified by If the black box and the horizon sky luminance

measurements are made by the same sensor, the absolute
= (31) calibration is no longer important, only the precision of

-the two measurements, since any absolute error is factored
out by using the ratio of the two values.

which is consistent with Eq. (10). The visibility is obtained from the attenuation

Luminance Transmittance. coefficient by means of Eq. (31). Instruments of this type
were developed by Duntley shortly after the conclusion of

A transmissometer for measuring luminance the Tiffany experiments and are described most completely
transmittance utilizes a light source with known intensity I in Duntley, etal. (1957).
and a telephotometer at a known distance r. The
relationship utilized is Total Volume Scattering Coefficient.

The total scattering coefficient s(zl appropriate to
/ T,(0.90*) the photopic sensor is equivalent to the attenuation

r2  coefficient in most cases since absorption is negligible in
the visible spectrum for the fixed gases in the air and for
clean fogs. Smoke and dust do absorb in the visible so

Thus by measuring the illuminance E, the transmittance that when these are present the total scattering coefficient
will be less than the attenuation coefficient. Otherwise,

The luminance transmittance is a function of the the value of s(:) is substituted for a(:) in Eq. (31) to
attenuation coefficient and the range r obtain the visibility.

Beutell and Brewer (1949) described two basic types
T,(0. 90*) - e-i0)'. (33) of total scattering meters which are in use currently. Both

utilize the relationship

This relationship can also be expressed as
s (:) - f. (z.#)dfl . (37)

In T,(0,900 ) - -c(O)r . (34)

where o(:,p) is the volume scattering function at angle #
Now substituting in Eq. (31) we get from the light source. Both schemes do the integration

optically over nearly the complete 4w. solid angle.

3r -n Both schemes measure s(z) as a point function. If
T,(0,900) the horizontal layer of the atmosphere is not
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homogeneous, this value is not applicable to the longer rocky, snow capped, etc.. and an estimate of (,, made
path indicated by the visibility distance. Some of this accordingly. When R, is fairly high, i.e. >L, many
disadvantage can he overcome, however, by averaging natural surfaces will have inherent contrasts reasonably
over a period of' time. close to -I as indicated hy Fig. 9

l)i/hwa' Light Source. One scheme utilizes a diffuse This method is subject to the same errors as the
or cosine light source to illuminate a, volume of air. The observed visibility when the background is other than the
sensor direction is perpendicular to the normal from the clear horizon sky (see Table 5).
light source surface. Instruments of this type were used This method was also investigated by Duntley when
by Crosby and Koerber (1963) and more recently by he developed the meter for measuring attenuation
Charleson, etaL. (1967) and Ilorvath and Noll (1969) for coefficient, lie describes some of the theory and error
environmental pollution studies. analysis of a large base operation in Sect. V 5 of Duntley

(osint' Coll(etor. The second scheme for measuring (1952). A slight modilication of this method is discussed
total volume scattering coefficient utilizes a diffuse or by liorvath and Presle (1978).
cosine collector on the sensor with a collimated light Telephotometry of distant objects using several
beam. It is the inverse of the lirst scheme. This second narrow bands in the visible spectrum is described by Maim
scheme has been utilized by Duntley, cr al. (1970) and (1978). This method is currently being developed by EPA
Duntley, ctaL. (1978) in studies of the optical properties to use in monitoring the air quality in areas such as parks
of the troposphere, both daytime and nighttime. which are to be protected from pollution according to

Apparent Luminance of Distant Object and Sky. congressional mandate.

Telephotometry of a distant mountain at known 10. VISIBILITY BIBLIOGRAPHY
distance r and the horizon sky adjacent to it provides a Recently a computerized search was conducted to
measure of the apparent luminance of the target obtain a bibliography on Visibility. This search was
,B,(,.90',6) and the background ,B,(0.,X)o.). This ratio conceived as supplementing the annotated bibliography of
is directly relatable to the apparent contrast by Eq. (1). If Grimes (199) which covers the period 1950-1969 and
the inherent contrast is reasonably close to -I and the path contains 179 references. Three library sources were
of sight is horizontal, the apparent contrast is also directly searched as follows:
related to the attenuation coefficient a() by Eq. (8). Now NTIS, 1969 to present, 185 references.
combining Eqs. (I), (8), and (31), we get the visibility as
a function of the distance to the target r and the ratio of Physical Abstracts. 1969 to present, 193 references.
the apparent radiance of the target and the horizon sky Meteorological and Geophysical Abstracts, 1970 to

present, 209 references.

3 r The beginning year for the search from the
,- , (0,Oo. 0 . (38) Meteorological and Geophysical Abstracts was simply the

-In b B,(). 90.0-) earliest available in computer form. All the listings
included abstracts. It is expected that the listings from the

This method has the same advantage of being three sources may be partially redundant, but the attempt
independent of absolute calibration errors as has the was to obtain a fairly complete bibliography rather than a
attenuation coefficient method if a single sensor is used to non-redundant one. Since each listing is in roughly
measure both the target and the horizon. It is, however, chronological order, the composite bibliography is a viable
subject to the same errors as the visibility ranges obtained source of further information.
by observers if a non-black target is used. A measure of No attempt has yet been made to review this
this error was depicted in Fig. 8. No attempt will be made bibliography or to include any portion herein due to its
herein to treat the problem of errors when a non- size. The total bibliography numbers 766 references.
horizontal path of sight is used.

An indication of the 'inherent contrast can be 11. SUMMARY
obtained indirectly by a measurement of illuminance at the The daytime visibility is the distance an observer
telephotometer site. This illuminance should be measured can see a black object against the horizon sky. The
by a vertical illuminometer oriented so that the normal visibility as reported meteorologically correlates well with a
from the surface is 180 degrees from the path of sight contrast threshold of 0.05, and thus the visibility times the
azimuth, Et0.90.0+l80*). With this and the horizon sky atmospheric attenuation coefficient is equal to 3.
luminance, the equilibrium reflectance can be computed Psychophysical data on visual thresholds for 0.33 second
from glimpse times when corrected to confident viewing with a

4 degree uncertainty of target position, predict the
q,(0.90*.)) 0 visibility distances well and indicate that the observers are

E(D.0*.+180*) using targets subtending about 7.6 minutes of arc.
I Visibilities have an uncertainty of approximately ±20

A ballpark estimate of the inherent reflectance of the percent in relation to measured physical parameters of air
target can probably be made, i.e. is the mountain forested, clarity.
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Middleton, W,| .K. (I 9,52), /0I ll Ifitou(gi /It .it.ph/au.
iii'~ er',i of If(ronol Press. or

Moon, P. and I). 1-. Spencer (1942) "Illumination from a Fo1 I -- 19 o I + 2, I IA4I
Non- ;nilorni Sky." Ilium ng .47, 7(17-726.

Shallenherger. ( I). and . M I ittle (194(1, "'i-ibihty "1he modifier on the illuminance designates the lentth
through Ila/c and Smoke, and a Viihilit) Meier." J. Opt. angle of the normal from the illuminometer. The average
Soc. An. 31). 87-'ti. upwelling luminance B, is related to the albedo A b

Tavlor. J. II. (1964), "'lhe Ilse o1 Visual Perlorrnance
I)ata in \V isih ili v P red icl'o n ", A pp . ( O)p . 3 , 56 2-56 9 . I B( ..h 11

White, C. 1. (1904). "()cular Behavior in Visual Search",

Appl. ()pt. 3. 569-570. the illuminance o(n a vertical plaque Is the sull of

World Meteorological ()rgani/alion (1971), (im1' / the illuminance from half the sk. I ik) .d) and from hall
Al'wtorohiogul 111r0ilh'OI an1 d (MR Iisvivino IPract'.-, Fourlh the lower hemisphere or terrain I A'.it)
E d. Secretariat of the World Meleorological ()rgani/alion.
(ieneva. Swiierland WMO-No. 8. '11. 3 I(9(00I 1(hl0.0 + Lt4t15.11i (.\)

The illuminance on the plaque from the terrain is

I~ IN 1 7 i] IB0V (A. 7)
APPENDIX 2)90"' = - "

OVERCAST SKY The illuminance on the plaque from the sky is

One of" the commonly used expressions to represent
the overcast sky luminance is from Moon and Spencer '7 "
(1942) )t90.d) = 2 f J lf ( fi9)',s, il fdfidt/Z (A.8)

1(ft = 19('il 0 + 2 tar4.l . (A.) The angle H' is the angle between the normal from the

illuminometer at zenith angle 90' and the sk% position at
where fi is the zenith angle. rhe sky luminance is thus o. Using the equation for rotation of coordinates to Eh1=(i'
azimuth independent. Middleton (1952) Eq. (6.8) and ,/m=0( from Gordon (1969) p. 4 5 Group A.12.
expresses this in the more general form

c.', sintic/ 'O inilco'O;l + sinsin#)iint1%in I  (A.9)
I/(0) = B(901+) It cosal. (A.2)

This relates the zenith and horion luminances according Since smoo1.-"O~Sd,,= I and CosY 1=Sin 1O=t).
to Table A. I.

'lable A. I iI ot /on I ',lo r the Lost) = S111tCOd$ (A. 10)

Now substiuting 1:4. (A.2) and (A. 10) into Eq. (A.8) we
/cniih An k' f g ct

n, /Cnalh I hl',imn
t IXVt ) = 21(9", H I I + inm Ioslsin2 tdco.A dd, (A.l I )

ii I

2 which when evaluated becomes
-1 4 1

,(90'd) - 8(90' )  + 2 (A.12
The (Iownwelling illuminance from L'q. A.2 is 2 37r
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Thu, the loial illumlinance on it hori/nal plaq~ue is ibe This is equ;~ival Iio I L ((, 14) in kfidtitmlI I I IW
W rnl of' FLI. I .7 and I A, 12)

A uSC('L) lcrm in c~al)ualing C(ontr;tqs .1g.111, 01 C

VII) 1~~+ 1) + + 01 IAun iik tc~i u~ ~hc Imriu ,k%, r IL

The lumninance of' it veruical plasque of' rcIlcctance ,R,,
would he R /0 W I 'N 7?

R,,I /AI IX

~ ,R~I9Oi(A 4 Substituling in I oj t AA 1) hin Im %%c I et

,RI R -Ii t) ,x) + (2+.4)1 ,RO)IV i i. + '( 1) (
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